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SJM:(:1  UAL  IlKh  lkctanci:  kvaiaiation  ok 


CAMOIJKLAGK  DKTKCTION  PH()T()C;B  APHY 
I.  INTROOllCTlOiN 

1.  Subject.  Tlic  of  (iiis  iiivcs(i(>ation  was  to  coiuliicl  an  analysis  of  pii;- 

mctil  formijlatioiii;  for  ^ro-n  camoiiflaf'c  colorants  I'roin  tlic  standpoint  of  color  rendi- 
tion on  cainoufla>rc  detection  (OD)  film  as  a function  of  spectral  pro|M‘rtics.  The  work 
cstul)lislu\s  the  allowable  latitude  in  (ii)  parameters,  particularly  nai  reUci  tanee,  in- 
frared reneetanee.  infrared/red  ratio,  and  the  shape  of  the  curve  from  the  red  to  th«‘ 
infrared  recituis.  plus  optimum  eliara<-teristi«  s for  malehiu}'  various  types  of  foliatje. 

2.  Background.  In  the  past,  it  never  has  iKam  established  what  type  of  spectral 
cur\(‘  was  actually  requinal  to  produce  the  type  of  visual  color  on  CL)  film  that  actual 
fidiat'c  provides.  Color  atui  sp<a  lral  rcfleclanee  r('(|uircrnent.s  always  liave  Iwcn  written 
to  include;  a maximum-minimum  reflerctance  in  the  red  and  infrared  region  plus  a mini- 
mum ratio  betwt;en  IIk;  two.  Kor  the  camouflage  nets,  it  has  been  the  policy  to  require 
a minimum  relhctance  at  700  nanometers.  Based  upon  the  interf)retations  of  (-I) 
photography,  Ilui.se  values  were*  (;stahlishcd  f<»r  ca<h  camouflage  green  color  to  as.sure 
optimized  color  re.sponses  for  (d)  film.  .Sevt;ral  problem  art;as  have  aris(;n  InuausT*  of 
thes*-  rc(|uirements.  In  many  instances,  the  requirements  have  caused  Cl)  photographs 
to  produce  colors  that  were  too  [>ure  and  too  red.  In  addition,  such  requirements  have 
caused  the  dcvelopmcjit  and  production  of  these;  paints  and  coatings  to  be  extremely 
difficult.  The  us«;  of  «;xtremely  expensive  organic  pigments,  costing  approximately 
.$20/lb.,  was  required  to  meet  the  camouflage  net  requir(;ments  of  spectral  reflectance. 

These  requirements  always  have  been  based  oti  theory  that  has  originaU;d 
back  many  years  of  visual  and  infrared  photo  int«;rpretatiou  of  foliagr;.  There  existed 
no  means  of  determining  spectral  reflectance  without  a field  test,  (il)  photographic 
film  capitalizes  on  the  high  infran;d-reflectance  region  and  very  low  red-region  reflec- 
tance of  deciduous  foliage,  to  create  high  contrast  In* tween  foliage  and  other  mat«;rials. 
For  artificial  camouflage  materials  to  react  the  .same  as  foliage  toward  GI)  film,  it  is 
necessary  for  the  colors  to  possess  the  same  characteristic  spectral  curv»‘  as  foliage.  A 
specific  combination  of  thest*  infrared  and  low  red-region  reflectances  excites  the  speci- 
fic layers  of  the  film  to  react  the,  sanre  as  they  would  react  to  foliage.  From  the 
theories  established,  it  has  b<;en  «letermined  that  to  avoid  higli  color  contrast  between 
artificial  camouflage  and  foliage  v/herc  photographed  with  GD  film,  a maximum  red- 
region  reflectance  must  b»;  established  so  that  only  tim  correct  amount  of  the  magenta 
layer  will  be  exposed.  Similarly,  a minimum  infrared  reflectance  has  to  l)c  required  so 
that  the  cyan  layer  will  be  fully  expo.sed. 
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I'liis  work  was  porformtMl  lo  d<‘t<;riniru’  not  otily  that  whidi  i.s  (i(;8('rib(‘(l 
uitovf  tint  also  a inaxitnum-miniimmi  ran^o  from  600  to  000  nanoim‘t(;rs  within  wliidi 
the  nirvc  must  fall.  'I’h<'r(!  is  no  ncird  to  sjMrcify  proriw  red  and  infranul  reflectanet^s 
for  (!a«'h  individual  «;amoufla^(-  p-een  eolor.  The  red  rcfjioti  is  hasieally  d<?p<mdent  upon 
the  visual  relleetanee  limits  established  for  that  speeifie  eolor.  AlthoUf;h  Cl)  photo>i- 
rapliy  is  also  dependent  upon  tlu;  {^-een  repon  of  the  .sp(;etrum  (visual  r(Tle<-tance), 
tiu!  ranfjf  of  ecdtir  spaet;  that  is  estahlislud  f<»r  tlm  eamoufiaf'e  <;olors  is  much  narrower 
than  that  of  folia{!e  and,  thus,  does  nut  si^iifieantly  aff(H-t  the  actual  visual  eolor  n;ndi- 
tion  on  CD  film.  Therefore,  the  work  destirihed  within  this  report  will  encompass  only 
the  sp«'etral  rati}^‘  of  600  to  000  nanometers. 

II.  INVKSTKiATION 

3.  Procedure.  Numerous  coatings  were  formulated  in  the  dark,  light,  olive,  and 
forest  green  colors  exhibiting  varying  degrees  of  spectral  reflectance  cha''a«Aeristics. 
These  coatings  wer»;  applied  on  various  types  of  substrates,  s{)<;ctral  reflectance  curves 
were  run  by  the  Dianu  Hardy  Spectrophotometer,  and  CD  photographs  were  talven. 

The  visual  and  infrared  spectral  curves  were  obtained  both  from  existing 
camouflagt^  net  samples  and  paints  and  from  newly  formulated  coatings.  This  was 
performed  to  assure  that  there  was  an  extremely  wide  range  of  spectral  curve  shapes 
and  reflectances.  It  was  essr’ntial  to  have  curves  that  possess<!d  a largt^  range  of  both 
high  and  low  red-r(!gion  reflectances,  slow  and  fast  rises  into  the  infrared,  and  high  and 
low  infrared  reflec>anccs.  It  was  also  essential  to  have  various  types  of  interactions 
between  these  characteristics.  CD  photos  were  taken  on  each  one  of  the  samples. 
These  photographs  were  used  for  standardisation  of  foliage  color  and  for  correlation 
of  the  samples  to  foliage  both  spectrally  and  visually. 

III.  DISCUSSION 

4.  Color  Difference  of  Samples  and  Foliage.  Approximately  six  types  of  foliage 
were  used  as  standard  for  color  reproduction  on  CD  film.  Since  the  actual  visual  color 
of  these  foliage  samples  appeared  to  be  the  same  on  CD  film,  it  was  felt  that  the  best 
V ay  to  determine  optimum  spectral  wavelength  distribution  was  by  visual  color  differ- 
ence measurements.  By  this,  maximum  color  differences  could  be  established  which 
would  allow  an  exact  determination  of  spectral  curves  to  establish  a maximum- 
minimum  wavelength  reflectance  range.  The  initial  work  was  coordinated  with  the 
Countersurveillance  and  Topographic  Division.  Laboratory  4000,  U.S.  Army  Mobility 
Equipment  Research  and  Development  Command,  which  has  written  a computer  pro- 
gram establishing  visual  color  responses  (trichromatic  and  chromaticity  coordinates) 
of  spectral  curves  toward  CD  photography.  Spectral  curves  of  all  the  samples  being 
evaluated  were  subjected  to  this  computer  program.  The  printout  gave  trichromatic 
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<;oci'fici«‘nls  I’or  c-aili  suiiiph;  plus  liu*  foliaur  samples  for  (^1)  pliolo[;rapliy.  'riicsc 
samples  were  then  e<<mpare(l  to  the  staiuiani  folia*;e  samplt‘s  hy  llie  National  liun^au 
«»f  Staiiilards  (NIfS)  et)lor  diffiTeiu-e  i‘t|uations.  Several  problems  inumnliahdy  arose. 
It  is  a known  faet  that  MIS  eolor  •lifferetu-e  is  not  etpiatabit;  tliroufiboul  eolor  spatre, 
espeeially  in  the  red-blue  re^oiis  wiiieb  are  the  basis  ft>r  (il)  pbotofp'apby . Another 
problem  an>a  was  the  eorrelatioti  «>f  eolor  differenee  belwecm  a desi}t:nat«;d  sample  and 
the  various  folia}’e  samples.  The  third  sipiifieant  problinn  was  lb«‘  de<;r(;«;  of  allowable 
eolor  differenee  error. 

5.  Color  Rendition  on  Camouflage  Detection  Film.  Th(;  eomputer  program, 
d(!veloped  by  the  Counb^rsurveillanee  and  Topographic  Division,  is  capable  of  pre- 
dicting the  color  photographic  respons<;  of  a givc;n  spectral  r»;flectance  curv(r  under  a 
variety  of  ctmditions  of  <mviromneiit,  camera  param(*t(‘rs,  and  devidopinent  procedures 
and  allows  for  variations  of  tbes<;  factors  in  any  combination  of  ways  desired.  With  the 
program,  oiu‘  is  able  to  prtulicl  the  color  photographic  n'sponse  of  a given  spectral 
reneetanee  curve.  When  the  above  fac  tors  are  varied,  the  spectral  reflectance  of  a pro- 
pos«‘d  camouflage  mabTial  can  be  det»‘rmined  as  to  wbidber  it  possessc^s  a satisfactory 
photographic  color  match  to  a given  background  or  std  of  backgrounds.  Tlu;  program 
can  also  del«;rmine  the  conditions  under  which  a eolor  match  is  not  successful.  There- 
fore, th<-  c(»mput«;r  program  can  pretest  pr»»pos(rd  spectral  curves  and  evaluate  the 
spectral  limitation  of  pigment  formulations. 

6.  Color  Difference  by  CIE  1976  L*  A*  B*  Color  Difference  Space.  Becaust;  of 
the  difficulties  with  the  NBS  c(dor  difference  equation,  it  was  determined  that  Uie 
International  Commission  on  illumination  (CIF.)  1976  (L*A*B*)  color  difference 
C(|uatiun  would  he  u.sed  hecaust;  its  formula  is  intended  to  yield  perceptually  uniform 
.spacing  of  object  colors.  Although  the  use  of  h*  A*B*  color  space  solved  the  problem 
of  uniform  color  space,  there  still  existed  nonuniformily  between  foliagi;  samples. 
Although  the  vi.sual  interception  of  different  foliages  on  C.D  film  appeared  the  same, 
their  trichromatic  coefficients,  based  on  the  computer  program,  were  significantly 
different.  1'liis  caused  color  difference  readings  of  each  specific  sample  of  the  various 
foliages  to  vary  considerably.  Because  of  this,  it  was  impossible  to  determine  the  exact 
degree  of  error  that  distinguished  acceptable  and  nonacceptable  spectral  curves.  This 
can  be  observed  from  Table  I.  When  the  samples  were  calculated  against  different 
types  of  foliage,  the  errors  changed  considerably.  Both  NBS  and  L*A*B*  errors  are 
shown  to  emphasize  the  difference  in  errors  Ixitween  foliage  samples. 

Even  if  a correlation  between  foiiagt!  samples  could  be  established,  the 
degree  of  error  desired  could  not.  For  example,  depending  upon  the  directional  move- 
ment in  color  space,  a 7.0  L*A*B*  color  difference  error  may  or  may  not  be  within 
the  tolerable  limits  of  CD  color  rendition.  A 7.0  error  could  produce  an  orange  or  gray 
visual  color  appearance  if  it  moved  in  one  direction  from  a foliage  .standard  but  would 
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Tabic  1.  NUS  Krror  Vs.  !,*A*B*  Krror 


Sample 

V 

(%) 

X 

y 

.\bs 

1*A*B* 

F.rror  1 

F.rror  2 

F.rror  3 

Krror  1 

Krror  2 

Krror  3 

Fob  age  1 

l6..-)0 

0..399 

0.281 

Foliage  2 

10.70 

0.431 

0.304 

Fobage  3 

10.30 

0.420 

0.297 

.Sample  1 

13.20 

0..384 

0.278 

6.176 

14.162 

11.449 

3.772 

10.906 

8.8.51 

.Sample  2 

11.30 

0.409 

0.283 

2.842 

6.146 

3.798 

1.651 

6.146 

5.1.59 

.Sample  3 

13.10 

0.372 

0.25,3 

9.570 

17.755 

15.002 

10.835 

18.475 

16.444 

Sample  4 

17.30 

0..368 

0.259 

1.3.191 

21.630 

19.008 

12.962 

20.137 

18.558 

Sample  .'i 

11.30 

0.4.52 

0.320 

13.972 

5.633 

5..500 

13..549 

6.066 

8.838 

Sample  6 

I4.r,0 

0.437 

0..300 

11. .546 

6.288 

8.208 

10.481 

8.497 

9.9.56 

Sample  7 

15.00 

0.453 

0,305 

16.555 

8.833 

12.4.59 

14.525 

10.7.52 

13.371 

Sample  8 

16..50 

0.416 

0 287 

8.5.32 

9.447 

9.190 

9.915 

12.292 

12.500 

remain  within  a satisfactory  nui-purpic  color  range  if  it  moved  in  another  direction. 
If  foliages  poss«-ss<!d  identical  trichromatic  coefficients,  then  a standard  error  could  be 
established;  but  they  don’t.  Therefore,  a 7.0  L*A*B*  error  could  be  satisfactory  with 
one  type  of  foliage  but  poor  with  another.  Because  of  the  problems  described  in  this 
and  the  previous  paragraphs,  it  was  determined  that  .spectral  curve  evaluation  could  not 
be  performed  by  color  diffenute  e.quatioiis. 

7.  Generation  of  Data,  Since  tl>e  curves  that  were  being  evaluated  basically  do 
not  take  into  account  all  types  of  interactions  between  various  spectral  regions,  it  was 
determiued  tliat  such  data  (spectral  curves)  should  be  generated  as  would  encompass 
the  several  types  of  variations  in  the  red  region,  the  rise  into  tlie  infrared,  and  the 
infrared  region.  Five  standard  camouflage  curves,  which  differ  in  all  respects,  were 
analyzed  by  computer.  Since  the  computer  program  predicts  trichromatic  coefficients 
for  C.D  photography,  it  was  determined  to  take  these  five  curves  and  to  vary  tl>e  red 
region,  the  start  of  the  ris«;  into  the  infrared,  the  end  of  the  rise  into  th«;  infrared,  and 
the  average  infrared  reflectance.  All  of  thes<;  ureas  were  varied  plus  and  minus  a speci- 
fied percentage  plus  the  relatiunships  iMriween  the  various  regions.  The  trichromatic 
coefficients  were  then  calculated  for  each  curve  generated.  With  the  quantity  of  varia- 
tions from  the  original  five  curves,  it  could  be  assured  tliat  all  possible  spectral  curves 
from  600  to  900  nanometers  would  be  evaluated. 

8.  Establishment  of  a Three-Dimensional  Plot.  As  de,scrib<;d  previously,  eolor 
difference  equations  will  not  produce  direct  relatiunships  according  to  various  types  of 
foUage  for  visual  color  rendition  on  (iD  film;  therefore,  it  was  determimrd  that  an 
optimized,  three-dimension ul  plot  within  eolor  space  is  required  to  determine  exact 
color  comparisons  to  those  produced  by  foliage.  Dominant  wavelength  and  excitation 


purity,  whicli  are  in  direel  relalion.ship  U>  Muns(;irshue  and  chroma,  along  with  visual 
reflectances  ami  triehromatic  coefficients  w«tc  analysed  for  each  spr^ctral  curve  that 
was  being  evaluated.  By  subjecting  approximately  15  different  types  of  foliage  to  the 
abovt;  evaluations,  it  was  pos.sibte  to  detcrmi.'U!  the  following  criteria  necessary  for 
artificial  camouflagi*  to  poss«;ss  if  it  is  to  approximate  the  .same  color  reproduction  on 
Cl)  film  as  does  foliage-.  (1)  exact  trichromatic  values  and  color-space  rangi;,  (2)  wave- 
length definition  and  visual  color  appearanc(!,  (5)  visual  reflectance  range,  and  (4) 
purity  of  color.  .Since  it  is  most  desiralde  to  pos.sr^.ss  color  standards,  the  above  criteria 
were  transformed  to  Munstdl  notations,  and  a plot  in  color  space  for  Munstdl  color  was 
established.  This  plot  can  Ik^  s*!eii  in  Figure  1.  Since  Munstdl  charts  are  separated 
according  to  value  or  visual  reflectance,  it  was  nec«rssary  to  draw  two  connecting  plots. 
Thes«;  plots,  which  represent  the  basic  color  of  foliage  on  CD  film,  encompass  the  hue 
rjmgi;  of  6RP  to  1.25R  and  tl»e  chroma  rang?;;  of  7 to  12.  A value  range  of  3.70  to 
4.75,  10.13  to  17.60  percent  reflectance,  respectively , was  determined  based  upon  the 
previou.sly  mentioned  dominant  waveler>gth  study.  Tlie  n;d  plot  encompasses  the  value 
range  of  3.70  to  4.00,  and  the  blue  plot  eneompasses  4.01  to  4.75.  The  intersection  of 
the  two  plots  is  tlie  common  area  for  the  entire  value  range.  This  Mun.st;ll  plot  within 
trichromatic  color  space  will  determine  whether  a corresponding  spectral  curve,  after 
la-ing  .subjected  to  the  previously  describeil  computer  program,  will  possess  optimum 
color  rendition  on  (3)  photography.  A spectral  curve  with  a specific  value  must  fall 
within  the  correct  Muns<;ll  plot  for  the  value  on  the  common  area  for  it  to  be- 
acceptable. 

9.  Establishing  the  Optimum  Spectral  Curve  Range.  From  the  above  plot,  it 
was  then  possible  to  determine  an  optimum  spectral  curve  rang^  that  would  produce* 
optimum  color  nmdition  on  CD  photography.  The  chromaticity  and  trichromatic 
coefficients  were  generated  by  the;  computer  program  for  over  200  spectral  curve;s. 
These  curves  emcompass  tlio.se  coatings  and  paint  samples  first  descrilaid  within  this 
rerport  plus  those  curves  which  were  generated  by  the  study  of  varying  the  spectral 
respon.s«‘s  from  600  to  900  nanometers.  This  data  was  plotted  within  Figure  1,  and  an 
initial  spectral  range  was  developed.  To  assure  that  this  minimum-maximum  spectral 
range  was  correct,  further  theoretical  curves  were  generated  that  varied  selected  areas 
of  this  spectral  curve  plot.  When  subj4:cted  to  the  computer  program,  any  curve  that 
possessed  a value  larger  than  4.75  or  a visual  reflectance  largt'r  than  17.60  percent  was 
determined  to  b<!  outsidt;  of  Hie  limits.  Tho.s<^  that  did  not  fall  within  the  correct 
Munstdl  plot  for  valu<?  were  also  determined  a failure.  Figurt*  2 represents  the  final  plot 
of  th<‘  limits  of  a usable  curve.  Table  2 lists  the  wavelengths  with  their  corresponding 
ininimum-maximuni  reflectances.  The  blank  spaces  from  600  to  660  nanometers 
indicate  that  th<!re  is  no  minimum  reflectance  for  this  range;,  and  thost;  from  780  to 
900  nanometers  indicate  that  there  is  no  maximum.  For  curves  that  poss(;ss  a red 
region  greater  than  or  equal  to  9.0  p<-reent,  the  allowable  ris<*  into  the  infrared  is 
earlier  tlian  for  those  curves  with  a red  region  lower  than  9.0  percent.  Tin;  are;a 
lH;tw(;(;n  660  and  680  nanometers  which  is  bordered  by  the  it;d  and  blue  lines  is  only 
for  thos»*  curves  having  higher  than  9.0  percent  red  region.  All  other  curves  must  fall 
on  the  inside  of  thi;  blue  line. 
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Tuhic  2.  Miiiimum-Maxitiiiitn  Wavclriij^'di  |)*-finitioii 


\\  aveleiiglh 

Maximum 

(%) 

Mininuiin 

(%) 

Wavelength 

Maximum 

(%) 

Minimum 

(%) 

600 

10.2 

760 

59.5 

40.0 

610 

9.8 

-■ 

770 

6 1 .5 

42.0 

620 

9.8 

— 

780 

42.0 

630 

9.8 

-- 

790 

— 

42.0 

640 

9.7) 

— 

800 

- 

42.0 

6.')0 

9. .5 

810 

42.0 

660* 

9.5 

820 

- 

42.0 

670* 

10.0 

4.0 

tl30 

42.0 

680* 

13.0 

5.8 

840 

- 

42.0 

690 

21.5 

8.5 

850 

— 

42.0 

700 

28.0 

1 1.0 

860 

— 

42.0 

710 

35.8 

15.0 

870 

— 

42.0 

720 

4 1 .0 

19.0 

880 

42.0 

730 

48.5 

27.0 

890 

— 

42.0 

740 

51.8 

30.0 

900 

- 

42.0 

750 

56.0 

36.3 

* NOIK:  Kur  spectral  reflectance  curves  that  pussess  a r<»i<rei;ion  reflectance  > 9.0  percent,  the  nr,.jciinuin  allow* 
able  reflectances  fur  these  three  wavelengths  are  as  follows: 


W avelength 

Maximum 

(%) 

Minimum 

(%) 

060 

9.8 

670 

12.0 

4.0 

680 

14.0 

5.8 

IV.  RESULTS 

10.  Test  Results.  Figures  3 through  7 are  illustrations  of  various  eurve  shapes 
and  reflectances  from  600  to  900  nanometers.  Figure  3 shows  basically  two  identical 
curves  except  tlial  the  red  one  is  within  limits  of  (iD  response,  while  the  blue  ont^  is 
not.  What  characterises  one  from  another  is  tliat  the  retl  region  for  the  blue  curve  is 
too  high  compared  to  tht;  master  plot.  This  can  be  verified  either  by  Figure  2,  which 
has  the  blue  ctirve  outside  of  the  limits,  or  by  Figure  1,  which  has  its  trichromatics 
based  upon  the  computer  program  plot  outside  of  the  limits.  Table  3 represents  the 
trichromatic  coefficient  based  on  Cl)  film  for  the  c irves  in  F'igures  3 through  7. 
Although  the  trichromatic  values  of  x = 0.4  18  and  y = 0.287  fall  within  the  correct 
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Figure  6.  Curves  6 red  and  6 blue. 


Fipire  7.  Curves  7 red  and  7 blue. 


plot,  tiic  visual  roUrctatiLT  Y is  IH.20,  whi<-h  is  hij^hcr  tlian  tlu‘  rnaxitmirii  allowable. 
Tlu^  visual  rrllrclamr  on  tin;  rod  t*iirv<‘  is  17.00  fxToont.  This  was  v(^^ifio(l  by  Cl) 

pbotos  wbicb  sbowcul  tbo  blur  ourvt*  to  lx;  fadinl  and  wasluul  out.  Fi^irr  4 .shows  a 

blue  curvo  out.sido  of  the  liinils  of  Fi{>iire  2 iMrcau.st;  its  extremely  quick  ris«;  produces  a 
vi.sual  rtiflectanee  of  22.00  |M;reent,  which  is  {greater  than  the  maximum  allowable  of 
17.00  p<‘ri;enl.  Tht;  red  curve;  is  within  the  limits  as  indicated  by  Fij^in;  2 and  results 
in  Table  i)  corre.spondin^  to  the  plots  in  Fipiri‘  I.  In  Figure;  !),  two  curv<;s  with  the; 
same'  red  r<;gion  arc  shown,  but  tiu;  blue  curve  ri.se;s  faster  into  the;  infran;d  n;gion, 
Tlit'y  both  fall  within  th<‘  s;im<;  Mun.s«;ii  plot,  but  the;  value  of  the  blue  curve  is  too 

high.  Again,  this  was  due  to  tlic  eaily  ri.se;.  In  Figure;  6,  the;  re;el  curve; 's  sle>pe;  is  too 

ste;e;p  base;d  upe>n  whe're'  it  stai  ts  to  ri.se;.  In  this  case;,  both  e;urve;s  are;  within  the;  value 
range;,  but  tlie  red  curve* 's  trichromatic  ctx*fficie;nts  e>f  x = 0.408  anel  y = 0.320  plot  to 
the;  red  side  of  the*  ellipse*.  1'lie  re*d  curve  happe;ns  to  re;pre;scnt  an  olel,  elark-gre;e;n 
camouflage*  ne;t  .sample*  which  originally  was  thought  to  Im;  satisfaeteery  until  this  study 
was  perfeerme-d.  Since;  the*  slope;  was  teeo  fast  anel  ste;ep,  the;  .sample;  appe;ars  toe)  red  een 
Cl)  film.  Figure;  7 shows  a re*d  curve*  that  proeiuce;s  a pure;  reel  ce)lor  e>n  Cl)  film  be;cause; 
of  the  early  rise;  and  a blue;  curve  that  is  much  te>o  blue;  on  Cd)  film  be;cause  of  its 
extremely  slow  rise;.  Again,  the;se*  results  can  be;  confirmed  by  plotting  the  trichromatic 
cerefficients  anel  visual  re;flectanee.s  from  Table  3 onto  the  Munsell  ph)ts.  All  of  the; 
experimental  work  has  be.*e;n  e;e>nfirme;el  by  thn;e;  methods:  (I)  Figure;  I,  Munse;ll  ple>ts, 
(2)  Figure;  2,  curve;  plot,  and  (3)  actual  Cl)  phote)graphs. 


Table*  3.  Chreisnaticity  anel  Trichromatic  Coefficie;nts  e>f 
Spe;ctral  Re;fle;ctaiice  Curves  from  the  CD  Film 


Spectral  C.urve; 

X 

Y 

Z 

X 

y 

3 Red 

25.18 

17.00 

16.65 

0.428 

0.289 

3 IRue 

26.51 

18.20 

18.71 

0.418 

0.287 

4 Re*el 

24.12 

16.60 

17.20 

0.416 

0.287 

4 lilue 

32.30 

22.99 

23.30 

0.414 

0.287 

5 Red 

24.48 

16.70 

18.68 

0.409 

0.279 

.')  Blue 

26.01 

18.00 

17.53 

0.431 

0.288 

6 Reel 

23.51 

15.50 

11.98 

0.461 

0.304 

6 Blue 

16.16 

11.20 

12.93 

0.401 

0.278 

7 Reel 

22.28 

1.5.00 

11.90 

0.453 

0.305 

7 Blue 

6.92 

6.00 

8.06 

0.330 

0.286 
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11.  Ked-lnfrared  Ratio.  This  newly  develop<;d  curve  plot  now  indicates  that 
spectral  curves  that  were  believed  to  be  ideal  for  CD  photographs,  as  were  those  in  the 
early  camouflage  scnMiti  and  paint  systems,  wen;  actually  producing  poor  photo  com- 
parisons with  foliagj;.  It  is  m»t  necessary  now  to  specify  particular  n‘d-  and  infrared- 
region  reflectances  or  a minimum  reflectance  at  700  nanometers  as  our  n;»:t;nt  (;amou- 
flage  specifications  did.  However,  a curve  cannot  be  produced  that  will  exhibit  the 
maximum  red-region  reflectance  and  be,  expected  to  poss<;ss  camouflage  properties. 
Although  the  curve  may  fall  within  the  minimum-maximum  limits,  from  600  to  900 
nanometers,  it  still  may  po.s.se.ss  po<»r  camouflage  characteristics.  As  in  tlie  previous 
camouflage  sp<;cifications,  there  still  must  remain  relation.ship  Im; tween  the  integrated 
averages  of  the  infrared  and  red  regions.  Ha.s(‘d  upon  the  spectral  study,  a minimum  of 
5.20  average  of  red  to  infrared  reflectance  must  be  maintained. 

V.  CONCLUSIONS 

12.  Conclusions.  Based  upon  the  previous  theories  of  camouflage,  many  of  the 
spectral  reflectance  curves  that  met  thesr;  requirements  now  have  l)een  determined, 
based  upon  present  theory,  to  actually  la;  too  red  and  bright  on  film.  Many  of  thest; 
curves  fell  outside  of  this  newly  developed  spectral  curve  plot.  There  is  now  no  need 
to  specify  precise  minimum-maximum  reflectances  for  the  red  region,  the  infrared 
r(;gion,  and  the  reflectance  at  700  nanometers.  From  this  study,  it  is  now  possible  to 
determine  the  following  criteria  necessary  for  artificial  camouflage  to  possess  if  it  is 
to  approximate  the  same  color  reproduction  on  CD  photography  as  does  foliage: 
(1)  exact  trichromatic  coefficient  and  color-space  range,  (2)  wavelength  definition  and 
visual  color  appearance,  (3)  visual  reflectance  range,  and  (4)  purity  of  color.  Accept- 
able color  of  CD  film  based  upon  these  criteria  produces  a Munsell  plot  which  encom- 
passes the  hue  range  of  6RP  to  1.25R,  a chroma  range  of  7 to  12,  and  a value  range  of 
3.70  to  4.75.  Figure  2 shows  the  finJ  plot  within  which  a curve  has  to  remain  in  order 
to  possess  the  correct  Munsell  color  as  described  above.  A minimum  red-infrared 
reflectance  ratio  of  5.20  must  be  maintained. 

One  other  requirement  must  be  maintained  if  these  results  are  to  be  valid: 
The  coating  surface  must  be  completely  matt  because  if  it  is  not  the  specular  reflec- 
tance (glass)  will  cause  the  color  representation  on  CD  film  to  completely  fade  and 
wash  out. 
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